Introduction
Pyrogens, as fever-inducing substances of microbial origin, can derive from dead or viable bacteria, viruses, or fungi and thus can occur even in sterile environments. Contaminations of parenterals with such substances can induce local or systemic inflammatory reactions intended to eliminate an invading pathogen in the recipient, including a rise in body temperature, but also more severe adverse reactions, such as shock, disseminated coagulation, organ failure, and even death. therefore, the testing of parenterals prior to batch release is obligatory for manufacturers.
the best-known fever-inducing contaminant is a component of the cell wall of Gram-negative bacteria, i.e. endotoxin or lipopolysaccharide (lPS). Pyrogenic components of Grampositive bacteria are equally important and include lipoteichoic acid (ltA) (Morath et al., 2001 ) and peptidoglycan (Atkins and Morse, 1967; Rotta, 1975; Schleifer, 1975) . Further possible pyrogenic contaminants are exotoxins (Watson, 1960) , enterotoxins (Bodel and Atkins, 1965; Brunson and Watson, 1974) , viruses (Atkins and Huang, 1958) , and fungal components (Braude et al., 1960; Kobayashi and Friedman, 1964) .
Classical pyrogen tests
testing for pyrogens has been a major issue since the appearance of large volume parenterals in the 1930s. these bore a label claim of being pyrogen-free as assessed by the rabbit pyrogen test. This drew attention to the need for an official test procedure for non-pyrogenicity, which was strengthened by the heavy demand for large volume parenterals in World War II. A collaborative study was initiated to develop the rabbit pyrogen test (Welsh et al., 1943; McClosky et al., 1943) , which led to the incorporation of the rabbit pyrogen test into various pharmacopoeias. Since then, all parenterals must be tested for pyrogens. this involves the measurement of the rabbit's body temperature after the application of not more than 10 ml/kg bodyweight of the substance to be tested. The very rigid fixation of the rabbit and the handling (injection) procedure can cause hyperthermia due to excitement and, therefore, lead to false-positive results. On the other hand, it has been reported that the fixation and lack of movement can cause hypothermia, yielding false-negative results (Grant, 1950) . General limitations of animal tests have been discussed elsewhere (Hartung, 2008) .
In 1964, levin and Bang published that the hemolymph of the horseshoe crab Limulus polyphemus coagulates upon contact
The finding that monocytes, a subfraction of the white blood cells, secrete proinflammatory cytokines such as IL-1β upon contact with pyrogenic material was the basis for the development of the whole blood test (Hartung and Wendel, 1995) .
Basic principle of the whole blood test
Blood incubation the procedure introduced 1995 (Hartung and Wendel, 1995) is described in detail by Hoffmann et al. (2005a) and Daneshian et al. (2009) . Briefly, freshly drawn, heparinized human whole blood from a healthy donor is diluted in physiological, pyrogen-free clinical grade saline and brought together with the test sample. In response to pyrogens, the monocytes contained in the blood sample produce proinflammatory cytokines in a dosedependent manner. The proinflammatory cytokine IL-1β or IL-6 is measured by elISA.
ELISA procedure
The IL-1β or IL-6 in the sample is tyoically sandwiched between a monoclonal coat antibody and a polyclonal peroxidaselabeled detection antibody. Unbound material is removed by washing. the peroxidase metabolizes e.g. tetramethylbenzidine. the reaction is stopped with acid and the optical density (OD) is measured at 450 nm.
Controls
As an assay control, a dose-response curve of an lPS e.g. from E. coli O111: B4 is performed in parallel in each assay. this lPS is calibrated to the international WHO reference standard from E. coli O113: H10 (Poole et al., 1997) . the dose-response curve must contain the concentration 0.5 eU/ml and a negative control. The IL-1β released in response to the concentration of 0.5 eU/ml must test positive when compared to a negative control for the experiment to be valid. An endotoxin concentration of 0.5 eU/ml corresponds to 50 pg/ml of the international reference standard and is considered the threshold for fever in the most sensitive rabbit strains. This threshold was confirmed in a study performed at the Paul-ehrlich Institute, which included 171 rabbits (Hoffman et al., 2005b) .
Testing for interference
In order to test for interference of a given substance with the activity of the monocytes, samples (pure or diluted) are incubated together with a 0.5 eU/ml concentration of the lPS dose response curve. the mean OD of the spiked sample must be within a 50-200% range of the 0.5 eU/ml concentration of the dose response curve. If this is not the case, the sample has to be diluted until the interference criteria are met.
Development of the Gram-positive standard lipoteichoic acid (LTA)
ltA from Staphylococcus aureus was first purified in a biologically active and endotoxin-free quality by Morath et al. (2001) . Later, the improved purification procedure was applied to produce ltA from B. subtilis (Morath et al., 2002) . the successwith endotoxin (levin and Bang, 1964a,b) . this led to the development of the limulus amoebocyte lysate (lAl) test, which is employed to exclude endotoxin contamination in parenteral drugs. the limulus is collected from beaches, its hemolymph is drawn out by puncture, and the animals are then thrown back into the sea. ten to twenty percent do not survive the bleeding procedure (Rudloe and Hernkind, 1983; thompson, 1998; Walls and Berkson, 2003) . A recent study revealed that the mortality rate of the crabs subjected to biomedical bleeding is significantly increased compared to the unbled crabs (by 8.3%), and the mortality is even higher when external stress factors like transport and holding methods are present (by 29.4%) (Hurton et al., 2009) . the lAl has not been able to replace the rabbit test fully, since it is defined not as a pyrogen test, but as an endotoxin test, and fails to recognize, for example, Gram-positive or fungal contaminants, toxoids, or viral antigens. Given the perceived central role of Gram-negative endotoxin, it was nevertheless considered acceptable to substitute as a mere endotoxin test for most pharmacopoeial pyrogen testing. the fact that Gram-negative LPS has been identified and available for 50 years, and the LPS-specific LAL is available, has led to much research. The Gram-positive and fungal counterparts, meanwhile, have been largely neglected, although they comprise most spore-formers, which represent a key spread of pyrogens. Additionally, the lAl does not reveal the biological potency of a given endotoxin in the mammal, which can differ between bacterial strains by a factor of 10,000 (Fennrich et al., 1999; Dehus et al., 2006; Brandenburg et al., 2009 ). However, certain products that are tested in rabbits, such as various biologicals and vaccines, cannot be tested using the lAl.
Fever reaction in the mammal
The finding that mammalian immune cells produce an endogenous pyrogen when in contact with pyrogenic materials dates back to 1948 (Beeson, 1948) . Bennett and Beeson identified leukocytes as the source of this factor in 1953. the nature of this substance was further elucidated by Dinarello et al. (1974) , who identified two distinct proteins, probably the pro-and the mature form of interleukin 1β (IL-1β). The pyrogenicity of IL-1β, when injected at very low doses into rabbits, was proven by Dinarello et al. (1991) . IL-6 and TNF-α, which were isolated later, were found to be pyrogenic cytokines as well, though only at higher doses (Dinarello et al., 1986; Dinarello et al., 1991) . the current understanding of the mechanism of fever in the mammal, as reviewed by Dinarello (2004) , is that these proinflammatory cytokines bind to receptors on the blood side of the organum vasculosum laminae terminalis (OVlt) and initiate the expression of the enzyme cyclooxygenase-2 (COx-2), which mediates prostaglandin (PG) e 2 synthesis. Mice deficient in COX-2 do not develop fever in response to injection with LPS, IL-1β, or IL-6 (Li et al., 1999; Li et al., 2001; Li et al., 2003) . Specifically one of altogether four PGe 2 receptors in the brain, the ePR-3, is required to develop fever (Ushikubi et al., 1998; Dinarello et al., 1999) , probably via the induction of a second messenger such as cAMP (laburn et al., 1974) . thus, the pyrogenic cytokines cause a change in the set-point of body temperature in the hypothalamus and so mediate the fever reaction. the WBt could be attributed to the toxoid of Corynebacterium diphteriae, and, to a lesser extent, to that of Clostridium tetani, both non-endotoxin pyrogens (Carlin and Viitanen, 2005) . Additionally, in both studies, the authors found pronounced differences in the IL-6 (and IL-1β) response of different donors towards the vaccines and their components, although they displayed highly conserved lPS reactivity. this indicated a more variable inter-individual sensitivity of human donors towards these non-endotoxin stimuli. Nonetheless, it was demonstrated that pyrogenic reactions towards non-endotoxin stimuli can be just as vigorous as those towards endotoxin. these results show that for vaccines the rabbit pyrogen test cannot be replaced by the lAl and that only the measurement of the cytokine response of primary human cells, e.g. the WBt, represents an adequate alternative. Positive experiences with the WBt assay were also reported for Neisseria meningitidis vaccines (Stoddard et al., 2009) .
Measurement of albumins and other proteins for injection
Pyrogenic reactions of human patients after the administration of human serum albumin, which had tested negative in the rabbit, were observed in 1978 (Steere et al., 1978) . In this study, the lAl yielded positive results without perceivable patient reactions. Pool et al. (1998) tested 22 batches of human serum albumin (HSA), fibronectin, and stabilized human serum solutions using artificial contaminations of endotoxin and LTA from B. subtilis. None of these products interfered with the production of IL-6 by whole blood, whereas one batch of artificially contaminated albumins tested false-negative in the lAl. Another study using the human whole blood test performed with albumins, coagulation factor, vaccines, and immunoglobulins indicated a high sensitivity and reliability of the WBt for these substances (Fennrich et al., 1999) .
A comparison between the rabbit and the human whole blood test for the detection of pyrogens in albumins was performed by Spreitzer et al. (2002) with 29 batches of human serum albumin. the WBt was clearly superior to the rabbit test, especially at the limit of detection of 5 eU/kg (0.5 eU/10ml/kg), with the WBt retrieving all 29 spiked samples as positive compared to only 5 positive rabbit tests, one false negative and 23 temperature rises that would have required a repetition of the test. this limit of detection represents the 0.5 eU/ml pyrogenic threshold.
Validation
Six cell-based assays, including two variants of the WBt measuring Il-1 and Il-6, respectively, were validated in an international collaborative study including laboratories from Austria, Germany, Switzerland, england, Norway, and Italy with the participation of several National control institutions. the study examin assays such as the cell line tHP-1 with the endpoint TNF-α (Eperon and Jungi, 1996) , or with the endpoint neopterin (Werner-Felmayer et al., 1995; Peterbauer and Werner-Felmayer, 1999) , the cell line Monomac-6 measuring Il-6 (ZieglerHeitbrock et al., 1988) , isolated peripheral blood mononuclear cells (PBMCs) with endpoint Il-6, and the human whole blood ful identification of the purified LTA as a pyrogenic substance, which is negative in the lAl (Morath et al., 2002; Draing et al., 2008) and therefore represents a pyrogenic principle that is only recognized by the rabbit pyrogen test and the cell-based assays, led to the inclusion of the Gram-positive standard derived from B. subtilis into the whole blood MAt (WBt) procedure. ltA of suitable quality has been prepared to produce an international reference material, for which a partner is currently sought.
In order to make this method commercially available and to replace the rabbit pyrogen test, the following steps were taken:
3 Comparison of the in vitro reaction of human whole blood to that of rabbit whole blood Since the human whole blood test (WBt) aims to replace the rabbit pyrogen test, the sensitivity of both species towards different pyrogenic stimuli was compared using human and rabbit whole blood. For this, a rabbit whole blood test was developed, which followed the procedure of the human whole blood incubation in every detail (Schindler et al., 2003) . Overall, the IL-1β response of the rabbits towards different pyrogenic stimuli was comparable to that of humans. Regarding the Gram-positive stimulus ltA, the rabbit blood was less sensitive than human blood, thus confirming the human whole blood test as an equal or even superior test system to reflect the human response.
Establishment of the WBT as a test for biologicals
Biologicals, such as protein solutions, cytokines, antibodies, heat shock proteins, blood coagulation factors, and vaccines for intravenous use pose a particular problem in pyrogen testing. They can influence the LAL results due to their characteristics, such as color and viscosity, and they are potentially immunogenic in the rabbit, causing fever reactions that are independent of contaminations. In any case, if immunogenic substances are tested, the animals may only be used once, which results in high costs for the manufacturers. the WBt does not pose such problems. Some examples of the application of the WBt for pyrogen testing of such samples are given below.
Control of vaccines
New batches of vaccines, released in 2001 against early summer meningoencephalitis, caused severe fever reactions in some recipients. Although they were negative in the lAl, these batches gave a high signal in the WBt. this phenomenon could be attributed to the omission of the mercury-containing additive thimerosal in these batches. The additive suppressed the IL-1β response in the WBt, making it likely that it also suppressed the pyrogenic property of the viral pyrogens in earlier batches (Fischer et al., 2001) .
In 2003, Carlin and Viitanen demonstrated that trivalent vaccine (diphtheria, tetanus, and polio), which tested negative in the lAl, was a powerful inducer of Il-6 in 4 out of 8 donors in the whole blood incubation. this difference between the lAl and test (Hartung and Wendel, 1995) , using blinded endotoxin stimuli and altogether 13 intravenously applied drugs. Sensitivities ranged between 73-96% and specificities between 90-97%. The WBt measuring Il-1 achieved 73 and 93%, and the WBt Il-6 88.9 and 96.6%, respectively. the development and outcome of this study is described in detail elsewhere Hartung, 2002; Hoffmann et al., 2005a) .
6 Development of the commercially available WBT kits the established WBt procedure was adapted to materials provided by Charles River endosafe and a commercially available kit was developed, which was named In Vitro Pyrogen test (IPt). this kit contains all the reagents necessary for the incubation and elISA procedure except the human whole blood. the kit was produced under a license until September 2008. the Biotest microbiology unit (hycon@biotest.de) is working on a new commercially available kit of the patented WBt procedure. the development of this in vitro kit under the name of PyroDetectSystem containing all necessary components is in a final stage. First test kits for customer trial will be available in the beginning of 2010.
Development of cryopreserved blood
Fresh human whole blood is a highly perishable item that cannot be stored longer than 4 hours at room temperature without loss of sensitivity for pyrogens. Additionally, it is not easily available, a potential hazard due to unrecognized infections (HIV, hepatitis) and, due to donor differences, not standardizable. In order to overcome these difficulties a procedure was developed to successfully freeze and store whole blood. the protocol closely followed the method of de Boer et al., 1981, who had already successfully frozen isolated monocytes for other purposes. Blood from five healthy donors is mixed with 10% endotoxin-free dimethylsulfoxide (DMSO) (v/v ratio) and left to stand for 15 minutes. the blood is then pooled (Fig. 1 ) and frozen in a computer-controlled freezing process to -120°C. the blood is stored in the vapor phase of liquid nitrogen and, after thawing, can be used like fresh blood without any washing steps. the cryopreserved pooled blood renders highly reproducible results and is at least equal to fresh blood concerning a wide variety of applications and stimuli (Schindler et al., 2004) .
Validation of the cryopreserved blood
In an additional validation process, which followed the exact procedure of the former process described above, both methods of cryopreservation were validated (Schindler et al., 2006a) . Furthermore, the WBt incubation steps, which had been developed and validated in pyrogen-free reaction tubes, had, in the meantime, been successfully transferred to the 96-well microtiter plate by reducing the volumes used and adapting the protocol accordingly, and the fresh blood incubation in the plate was validated, as was the use of both versions of the cryopreserved blood in the 96-well microtiter plate. the overall performance of all approaches was very good, with sensitivities of over 90% and specificities around 80%. Remarkably, these excellent performance characteristics were achieved although the spike concentrations were chosen at and below the defined pyrogenicity threshold of 0.5 eU/ml (Hoffmann et al., 2005b) . Indeed, misclassifications only occurred for these borderline cases. Therefore, the WBt could be improved concerning its availability, its performance and its handling (tab. 1). the method has been The calculated means of the response towards the 0.5 EU/ml stimulus of the five individual donors corresponds to the actual 0.5 EU/ml response of the pool blood. The higher response of donor 4 is therefore levelled out. Pool 1: The blood was pooled before freezing Pool 2: The blood was pooled after thawing Since blood frozen using the described method could only be stored and shipped in the vapor phase of liquid nitrogen -a reagent that is not available to all laboratories -an alternative freezing method was developed by the Paul-Ehrlich Institute, Langen, Germany (Spreitzer et al., 2008) . The alternative cryopreservation method provided a blood that could be stored (and shipped) at -40 to -80°C, therefore making the blood available for users without liquid nitrogen infrastructure. (ALTEX News, 2009, 26, 143 ). An FDA statement of acceptance was sent to ICCVAM in April 2009 (http://iccvam.niehs.nih.gov/methods/pyrogen/transmitNov08/FDAResponse.pdf). the WBt has also been included in the draft ISO guideline for biological testing of medical devices (ISO/tC 194, working group pyrogen testing).
Special adaptations

Medical devices
Due to manufacturing and handling, medical devices can bear pyrogens on their surface when brought into the human organism, leading to inflammatory reactions and reduced biocompatibility. Recognizing this problem, the Medical Device Directive 93/42 eeC states that medical devices must be designed and manufactured in such a way that they will not compromise the clinical condition or the safety of the patients. the Association for the Advancement of Medical Instrumentation (AAMI) stated in 2001 that products with direct or indirect contact with the circulation system or the lymph, or which interact systemically with the body, should be tested for pyrogens (AAMI, 2001) .
Products with direct (e.g. blood bags, needles) and indirect (e.g. swabs, gloves) contact to the blood circulation can have serious impact on the organism, as contaminations induce systemic reactions. A severe case of contact dermatitis due to endotoxin contamination of surgical gloves was described in 1984 by Shmunes and Darby. After eight pyrogenic reactions in 69 patients undergoing heart catheterization, Kure et al. described endotoxin contamination of extracts of the hospital's surgeon's latex gloves, which evoked fever in rabbits and could be successfully transmitted to cardiac catheters (Kure et al., 1982) . Grötsch et al. were able to evoke fever reactions in rabbits with an eluate of gloves containing up to 2560 eU (Grötsch et al., 1992) .
However, medical devices pose a particular problem for pyrogen testing, since they cannot be examined directly with the rabbit or the lAl test. their diversity with regard to size, form, material, and mode of application challenges the existing assays, demanding individual approaches. In order to judge a possible contamination, an eluate of the respective material must be either injected into the rabbit or used in the lAl. However, it is unclear how well rinsing a medical device in water can release pyrogens from its surface, and the dilution of such released pyrogens in a large volume of rinsing water also reduces the limit of detection. For ltA, it has been shown that surface presentation increases potency about 1,000-fold , raising serious doubts about the value of eluates. the alternative of transplanting the questionable material directly into the rabbit is highly invasive, causing possible reactions not associated with pyrogenic contaminations but rather with tissue damage, and is therefore questionable in its ethical and scientific implications. the obvious advantage of the WBt over the classical test methods is that the whole blood comes into direct contact with the respective device and no preparation of an eluate is required (Hasiwa et al., 2007) . this has been demonstrated using aneurysm clips as proof of principle (Mazzotti et al., 2007) . Additionally, unlike the lAl, the WBt detects all pyrogens relevant to humans, not only endotoxin. It has also recently been successfully adapted to eye lenses (Wener et al., 2009) .
Testing for the inflammation-inducing potential of implant Tab. 1: Outcome of the validation of the basic WBT procedure using reaction tubes and fresh blood and of the WBT methods using cryopreserved or fresh blood in a microtiter plate Results of the International catch-up validation study (Schindler et al., 2006a) . The rabbit data were modeled (Hoffmann et al., 2005a ) based on variability between individual animals at the given endotoxin spike concentration (Hoffmann et al., 2005b) surfaces for the judgment of biocompatibility is a relatively new field. In the early 1980s, it was noted that the monocyte is one of the first cells to arrive at an implant site and displays manifold functions (for review see Anderson and Miller, 1984; Ziats et al., 1988) . Its specific preference for rough and hydrophobic surfaces differs from that of fibroblasts (Rich and Harris, 1981) . the role of cytokine production of the monocytes/macrophages in the early stages of implant insertion were, until now, poorly understood. the fact that some materials are obviously capable of modulating the cytokine response (Soskolne et al., 2002; Refai et al., 2004) makes it difficult to distinguish a genuine pyrogenic contamination from an unspecific activation and poses the problem of adequate negative controls. For this purpose a model was developed for the thorough depyrogenation and testing of metallic or plastic surfaces with the WBt in order to gain experiences about possible inherent activating or inhibiting characteristics of materials (Kullmann, 2002) . the study showed that pyrogenic contaminations on surfaces can be reliably removed only when heated for 5 h at 300°C. this applied to titanium, titanium alloy (tiAl 6 V 4 ), and steel material for implants. the blood was incubated directly in a depyrogenized microtiter plate with contact to the surface to be tested. Artificial contaminations were recognized in a dose-dependent manner.
Some medical devices are absorbed completely by the body, as are any contained pyrogenic contaminations. examples are liposomes and alginate microcapsules as carriers of drugs. With the latter, the solutions could be clearly identified as positive or negative (Fig. 2) .
Cellular therapeutics
Cellular therapeutics have been defined as living cells which are transferred into the intact organism in order to introduce a new function or restitute a defective one (Rosenberg, 2001) . this includes a wide variety of cells such as chondrocytes, stem cells, bone marrow cells, and blood cells such as lymphocytes, erythrocytes, and thrombocytes. the latter pose a particular problem since they are stored at room temperature and are, therefore, easily subject to extensive bacterial growth. transfusion reactions ranged from rigors, fever, and chills, all the way to septic shock. the problem is under-rather than overrated, since numerous clinical events are not recognized as being transfusionassociated but are attributed, rather, to the underlying disease. Additionally, medication and immunosuppression might mask an existing septic/pyrogenic event. Recently, attention has focused on viral infections, although the incidence in blood products is less than 1 in 1,000,000 per unit for HIV (1 in 3,000 for bacterial contaminations) (Blajchman et al., 2005) . two large studies in France (BACtHeM study, Perez et al., 2001 ) and the USA (BaCon study, Kuehnert et al., 2001 ) revealed that platelets hold a significantly higher risk of bacterial contamination than RBCs, irrespective of their being single-donor or pooled preparations. Pathogens associated with bacteremia in the US study were 59% Gram+ (mainly skin contaminants such as Staphylococcus and Streptococcus spp, and Propioni bacteria) and 41% Gram-negative (Coli, Serratia, enterobacter). Yersinia enterocolitica was not found, although it occurs frequently in transfusion-related sepsis and was responsible for 7 of the 8 recorded fatalities in the US 1986-91.
Incidences increased with prolonged storage, and both studies linked fatalities to the occurrence of Gram negative bacteria. the US study determined endotoxin levels as well (up to 273,500 eU/ml, according to lAl). the authors estimated rates of transfusion-transmitted bacterial infections of 1:100,000 for platelets and 1 in 5 million for RBC, with fatalities of 1 in 500,000 and 1 in 8 million, respectively. All in all, Gram-negative bacteria tended to occur more frequently in RBCs, probably due to the storage conditions.
In July 2004, a roundtable meeting on bacterial detection, held during the Annual Congress of the International Society of Blood transfusion in edinburgh, discussed the limitations of current testing methods. Currently, culturing methods such as the very sensitive Bact/AleRt method are considered the best, though time-consuming. (12h to 7 days). Concentrates are released on a "negative-to-date" basis and recalled if necessary. the panel reported occurrences in the Netherlands, where platelet concentrates containing skin contaminants were tested positive only after 48h. By this time, the batch had been released and about 50% of the units had already been transfused. Very similar events were described by Belgian blood centers (Blajchman et al., 2005) . Additionally, anaerobic bacteria (Corynebacterium spp.) are picked up later, and there is extra cost involved. However, anaerobic bacteria have been reported in fatal septic transfusion incidents (McDonald et al., 1998) . Altogether, culture methods are incapable of providing complete safety, and other, especially quicker methods, are sought. An inactivation method, the photochemical treatment (PCt) (Wollowitz, 2001) , has been developed. Still, it must be kept in mind that this inactivation will inhibit growth but have no influence on the already existing pyrogenic content. therefore, the testing of these cells and their suspension materials is an interesting future challenge for the WBt. Pretesting of clinical grade erythrocytes and thrombocytes intended for transfusion indicated interference-free retrieval of an artificial endotoxin spike (Fig. 3) , when compared to the saline control.
Dialysis
Pyrogenic reactions in hemodialysis (HD) patients at the end of a session were first associated with high bacterial and endotoxin levels by Raij et al. (1973) and Favero et al. (1974) . Since then, contaminations have been found in the pure water (Klein et al., 1990; Pegues et al., 1992; Kulander et al., 1993; Bambauer et al., 1994) , the machines, especially to areas with low circulation or dead spaces, which serve as a reservoir for bacteria (Phillips et al., 1994) , filter materials (Schouten et al., 2000) , and bicarbonate concentrates (Pegues et al., 1992) .
In 1993, the AAMI released recommendations for the quality of treated water and dialysate, which restricted the content of heterotrophic bacteria to 200 and 2000 cfu/ml, respectively. Studies in Germany (Bambauer et al., 1994) , Greece (Arvanitidou et al., 1998) , the USA (Klein et al., 1990) , and Canada (laurence and lapierre, 1995) revealed that even these moderate standards are not met, which is even more critical considering that a patient with chronic renal failure receives up to 400 l of dialysis fluid a week. Next to Gram-negative bacteria, cocci (micrococci, staphylococci, and streptococci) were found in the dialysate of 83, 70, and 10% of the centers, respectively, indicating the importance of Gram-positive contaminations. that this might indeed be crucial for judging the pyrogenic load for a dialysis patient was assessed by Marion-Ferey et al., who tested scrapings of bacterial biofilms in dialysis tubes and found a 20-fold higher response in the WBt than in the lAl (Marion-Ferey et al., 2005) . the passage of cytokine-inducing substances, not only endotoxins, but exotoxins and peptidoglycans as well, through the dialysis membrane has been demonstrated (evans and Holmes, 1991; lonnemann et al., 1992; Urena et al., 1992; tsuchida et al., 1997) .
the exposure of HD patients to pyrogens is thought to contribute to inflammatory processes in the joints and bones and therefore to the carpal tunnel syndrome and arthropathy associated with long-term HD (Dinarello et al., 1988; Miyasaka et al., 1992) . In 1991, Baz et al. showed that the use of ultrapure water delays the onset of the carpal tunnel syndrome. the group of Schwalbe (1997) showed in a retrospective study that the incidence of amyloidosis decreased between 1988 and 1996, coincident with the introduction of reverse osmosis, a very effective method for purifying water. A connection with other phenomena such as malnutrition, poor immune responses, and high incidence of malignant tumors in long-term HD patients and cytokine production has yet to be established.
All in all, the testing for pyrogens in dialysis fluids is a crucial issue for the safety of patients. Since the fluids themselves are either highly hyper-or hypotonic, a variant for testing dialysis fluids in the WBT established the percentages of diluents and samples that can be tested (Daneshiau et al., 2008) . Still, the problem remains that the patients receive very high volumes of fluid in one session, and therefore pyrogens must be detected at very low concentrations. A promising possibility is a modification of the basic WBt protocol, the so-called adsorb and wash IPt (AWIPt), discussed later, which can concentrate pyrogens on the surface of albumin-coated macroporous beads, thus greatly enhancing sensitivity (Daneshian et al., 2008) .
Airborne pyrogens
Inhalable whole or fragments of microorganisms (organic dust, OD) have long been recognized as causes of airway hyperreactivity. the most prominent illness related to inhalation of OD, i.e. hypersensitivity pneumonitis or extrinsic allergic alveolitis, was first described in Iceland in 1874 and termed heykatarr. these involve type III reaction ("immune complex disease") as well as type IV hypersensitivity (antibody independent) reaction. Here, proinflammatory cytokines and chemokines activate alveolar macrophages, leading to a migration of CD8 + lymphocytes into the lung tissue, causing granuloma formation, and promoting the development of pulmonary fibrosis (Mohr, 2004) . There are approximately 300 etiologies of hypersensitivity pneumonitis associated with workplace-specific exposure (particularly to mold species), e.g. farmer's lung, cheese worker's lung, and bagassosis. the direct stimulation by pyrogenic components appears to contribute to these inflammatory processes.
Monday sickness (or Monday fever), with its typical symptoms (chest tightness, respiratory distress, and coughing), was described as early as 1936 (Prausnitz, 1936) and associated with endotoxins by Baenkler in 1999. In 1942, rural mattress makers experienced headache, nausea, chills, and fever about 6 hours after exposure to low-grade cotton. Neal et al. associated these phenomena with high numbers of Gram-negative bacteria in the material (Neal et al., 1942) . Additionally, milder symptoms occurring 8 hours after exposure could also be evoked by sterilized cotton, which was thought to be due to remaining endotoxin. A highly significant (r > 0.95) dose-response relationship between Gram-negative bacteria count and symptoms of byssinosis, such as chest tightness, airway inflammation, and coughs, was established by Cinkotai et al. (1977) . In the same study, a good correlation existed between symptoms and mainly Gram-positive bacteria, whereas one to fungal spores could not be established. Acute bronchoconstriction, as well as chronic airway irritation with bronchitis and decrements in airflow over the work day, have been reported for personnel working in animal confinement buildings (e. g. Donham et al., 1984a,b; thelin et al., 1984) .
Long term consequences are of allergic, inflammatory, and immunostimulatory nature, e.g. organic dust toxic syndrome (ODtS) and chronic bronchitis. the lAl test for these contaminants has the drawback that it does not reflect the biological potency of a given lPS in the mammal (Hartung et al., 2000) and the lAl test can only be performed with an eluate of a filter or by impingement, i.e. the air to be tested is led through pyrogen-free water which is then tested in the lAl. the higher pyrogen retrieval by impingement when compared to filtration, possibly due to the incomplete eluation of the sample from the filters, was demonstrated by Zucker et al. (2000) . A new approach of measuring the integral inflammatory activity in air samples in different environments by WBt was reported by Kindinger et al., 2005 . A defined amount of air is drawn through a filter in a sealable plastic monitor. The blood incubation is performed directly on the filter inside the monitor, thus making any handling of the filter unnecessary. When compared to the LAL, a 2 to 25-fold higher pyrogenic load was found in the WBt in samples drawn in parallel. epidemiological studies will show what levels of exposure to inflammatory stimuli in the air eventually lead to the above-mentioned lung diseases. the method has been further standardized (liebers et al., 2009 ).
Lipidic formulations
In January 2004, pyrogen testing of so-called small volume parenterals (< 15ml) became obligatory in europe. this concerns many formulations that had not been subjected to pyrogen testing before, such as vitamin preparations and steroids. Many of these are applied intramuscularly or subcutaneously and are therefore not necessarily of a hydrophilic nature. this poses a completely new challenge to all methods of pyrogen testing, since a lipophilic substance on the one hand cannot be injected intravenously into the rabbit due to the danger of clogging small vessels with lipid drops and severely damaging vital organs and will, on the other hand, influence the OD measured in the LAL due to the formation of oil droplets. Furthermore, the pyrogenic portion of lPS, lipid A (for review see Rietschel et al., 1993) has been reported to be masked by lipoproteins (emancipator et al., 1992) and lipophilic parenterals (Paulssen and Michaelsen, 1984) in the lAl. therefore, the WBt procedure was adapted to suit lipophilic substances. As a first step, interference-free oils, such as sesame oil, were identified by comparing an LPS dose response curve in these oils with a similar curve done in saline. Surprisingly, many oils (sesame oil, peanut oil, paraffin, and miglyol) were interference-free, while others interfered strongly by suppressing the endotoxin stimulus added. Oils which proved interference-free were then used as diluents for interfering end-products. It was possible to dilute the interference to non-detectable limits with full recovery of an artificial endotoxin spike. From this minimum valid dilution a possibly detectable endotoxin concentration could be calculated, which was 20 eU/ml for the respective endproducts. Since these products are applied at a very small volume (1 ml per person) a relatively high endotoxin concentration can be tolerated, which will predictably not pose a health hazard for the recipient. the established protocol leaves a broad safety margin, especially since the criteria for intravenous drugs were applied (Schindler et al., 2006b ).
AWIPT and AcWIPT (absorb and wash IPT as well as accumulation and wash IPT)
Another interesting development is the so-called absorb and wash IPt (AWIPt). It uses macroporous acrylic beads with immobilized human serum albumin (HSA), which has a higher affinity than native plasma albumin to endotoxin (Zimmermann et al., 1999) . these beads were originally developed for the extracorporeal apheresis of endotoxin in the early hyper-inflammatory phase of Gram-negative sepsis patients. the AWIPt uses this material to collect the endotoxin contained in a sample after an absorption phase in the substance to be tested. the beads are then washed in order to remove the interfering (unbound) material and can then be used directly in the IPt incubation. It could be shown that this works also for the ltA of Staphylococcus aureus. this procedure has already brought promising results with substances which cannot be examined in the rabbit pyrogen test and interfere with the LAL and the unmodified WBT procedure, i.e. toxic or immunomodulatory drugs such as taxol, gentamicin, or tobramycin (Daneshian et al., 2006) . With the inclusion of the adsorption and washing step into the WBt procedure, the detection of pyrogenic contaminations in these sample drugs improved without decreasing the sensitivity of the IPt (25 pg/ml).
the HSA-bead adaptation also allows the testing of highvolume parenterals, where even very low concentrations of endotoxin, i.e. below the detection limit of current pyrogen tests, may sum up to relevant quantities that induce pyrogenic responses. Dialysis patients, who are exposed to hundreds of litres of fluids every week, pose a prime example. To them, the dialysis membrane is the only barrier between the microorganisms and pyrogens in the dialysis fluid and the blood stream. A variety of accessory symptoms associated with the enrichment of pyrogenic impurities in dialysis patients are thought to lead to dialysis related chronic inflammatory disease, e.g. increase of soluble CD14, elevated C-reactive protein, fibrinogen, amyloid protein, reduced transferrin, and albumin (Mitzner et al., 1995; Amato, 2002; tranaeus et al., 2008) . the testing of the efficiency of these membranes in holding back pyrogens is, in turn, dependent on the detection limits of our current pyrogen test systems. the maximum pyrogen concentrations of dialysis fluids and water is suggested by various pharmacopoeias and the AAMI (Association for the Advancement of Medical Instrumentation), and the ranges are between 0.03 (ultrapure) and 2 EU/ml (Ward, 2004) . These limits have also been defined based on the sensitivity of the lAl.
the accumulation wash IPt (AcWIPt) uses the HSA-beads to collect the endotoxin from solutions containing low concentrations of endotoxin on their surface until a contamination can be detected. Using this procedure, the detection limit of the WBt could be lowered (from 0.25 eU/ml of E. coli endotoxin down to 0.001 eU/ml) (Daneshian et al., 2008) , which is 10-fold more sensitive than the most sensitive lAl test available (Fig. 4) . As the structure of some pyrogens may not yet be known, the spectrum of pyrogens that are detectable with these beads might be limited. However, the HSA-beads were able to collect the prominent pyrogens lPS, ltA, and the fungal pyrogen zymosan in both described procedures, i.e. AWIPt and AcWIPt.
All in all, the further development of the WBt into the modified forms of the AWIPT and AcWIPT promises to overcome shortcomings due to interferences of given drugs or substances with the classical WBt procedure, to lower the detection limit by log orders, and to provide a useful tool for the testing of toxic or strongly interfering substances, even those that suppress the immune system and therefore cytokine production.
Conclusions
Pyrogens (fever-inducing substances) from microorganisms can occur as contaminations of parenterals. Until now, the safety of injectable drugs has been assessed by the in vivo rabbit pyrogen test and the in vitro limulus amoebocyte lysate test (lAl).
the new cell-based in vitro pyrogen test based on fresh or cryopreserved human whole blood (WBt) has been successfully validated and has proven to be a reliable and useful tool for a wide spectrum of applications, ensuring patient safety in many medical fields such as hydrophilic and lipophilic drugs, dialysis fluids, airborne pyrogens, medical devices, and biologicals. It is capable of measuring all known pyrogens relevant for the human and is highly reliable, robust, and easy to perform.
Fig. 4: Limit of detection in the AcWIPT
By accumulating endotoxin to human serum albumin coated beads and measuring these in the WBT (Daneshian et al., 2008) , the limit of detection can be lowered by several log orders.
